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[57] ABSTRACT 

Ions , are intercalated in chalcog 
current through a system < 
contains the chalcogen 
cogenide), an anode < 
tive material which is not a sob 



ides by flowing a 
cathode which 
a suitable chal- 
onically conduc- 
the intercalating 
ions (a suitable anode material would be gold) and an 
electrolyte comprising or containing at least one ionic- 
ally conducting material which will electrochemically 
release ions of the species which are to be intercalated in 
the chalcogenide (e.g., dilute HC1, in which case hydro- 
gen ions would be intercalated in the chalcogenide). 
The voltage is applied at a level sufficient to permit 
electrochemical decomposition of the electrolyte to 
thereby release the ions to be intercalated into the chaK 
cogenide. Alternatively, the . anode may act as the 
source of the intercalating ions and the electrolyte 
would comprise or contain at least one compound of the 
same species as that of the ions to be intercalated (e.g., 
a suitable anode would be lithium metal and a suitable 
electrolyte would be Lil in propylene carbonate). In 
this alternate method, an electrical circuit is provided 
within the system and the voltage within the system is 
controlled such that ions are released from the anode to 
intercalate into the chalcogenide. 

18 Claims, No Drawings 
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has a numerical value between.abi&ut 1 and ab 

PREPARATION OF INTERCALATED Preferably, the metal is at least onememoer selected 

CHALCOGENIDES from the group consisting of titanium, zirconium, haf- 

cross.referenge to related « ^ nipbi T or ^ d t>e chaicogen o-e- Z) * 

APPLICATION sulfur or selenium. The subscript x preferably has a 

value in the range of 1.95 to 2.02 (a value of 2.00 is most 

This application is a continuation-in-part of U.S. Ser. preferred). Especially useful chalcogenides are those 

No. 592,592, filed July 2, 1 975, now abandoned, which having a layered structure analogous to that of graphite 

in turn was a continuation-in-part of U.S. Ser. No. ( efi TaSi) 
396,001, filed Sept 10, 1973. io 

The Anode - 

BACKGROUND OF THE INVENTION 

^ . . .' . ^ , The anode is one which contains as the anode-active 

This mvenbon rdates to methods for intercalating matcriai ^ clcment Qf compound which & m elec . 

chalcogenides In the^past, chalcogenides have been tronic, conductor, but is one which does not release ions 

intercalated under conditions such thai .the quantities of 15 bto the dectl0 \yie that are subsequenUy intercalated 

the reactants must be controlled and generally past mtQ the chal ^ such ^ noble metalSj Group IVb 

Sf! S£S SKffiS; -j* <f-P VIb metals Group 

hoursT several months) for preparation. In contrast V f ^ ' ?T ^ °( * e 

thereto, the present methods of intercalation permit the 20 foresaid me^Examples of such compounds mclude 

degree of intercalation to be controlled very readily by *e nitndes, bondes. carbides, etc. 

controlling the current passed into the system without * e f 8 ? of * e cathode ' the anodc "f X be fabn ; 

the need to control the quantities of the reactants. Fur- cat ^ fro » th . c clemcnt or compound to be used 

thermore, the present methods of intercalation permit M the anode-active material (which is preferred) or it 

control and monitoring of the thermodynamic activity 2 5 ccn f sX ofan under f> rm 6 structure (fabricated of an 

of the intercalated specie as well as permitting the reac- electronically conductive material such as copper, 

tion to be performed quite rapidly at room temperature, nickel, platinum, etc.) upon which the anode-active 

thus eliminating the problem of intercalating those chal- material is deposited. Furthermore, the anode-active 

cogenides which might otherwise be decomposed at material may consist of alloys or mixtures of any of the 

elevated temperatures. The resultant intercalated com- 30 above materials rather than a single material, 

pounds are known to be useful as lubricants, X-ray Th El tr lvte 

diffraction grating crystals, superconductors, and ther- e ec o yte 

mo-electric elements, e.g., see published German patent The electrolyte useful in Method A comprises or 

application 2,06 1, 162 , Australian Journal of Chemistry, contains a salt that can be conveniently represented by 

Volume II, page 471 et seq (1958) and the Journal of 35 the general formula LX wherein L is the intercalating 

Chemical Physics, Volume 58, page 697 et seq (1973). species and is at least one cationic moiety selected from 

SUMMARY OF THE INVENTION . f c0 ™ st "S f Group * metals Group lb 

metals, Group Ila metals, Group lib metals, Group Ilia 

The present invention involves the preparation of metals, ammonium (or substituted ammonium such as 

intercalated chalcogenides by controlling the flow of ^ pyridinium), and wherein X is at least one anionic moi- 

current through a system comprising a cathode, an c ty selected from the group consisting of halides, sul- 

anode and an electrolyte. The components of this sys- fates, nitrates, beta-aluminas, phosphofluorides, thiocy- 

tem as well as the controlled current flow to be utilized anates and perchlorates. 

in the two types of methods (denoted herein as Method Especially useful electrolyte materials include lithium 

A and Method B) for intercalating the chalcogenides 45 pcrchlorate, lithium hexafluorophosphate, lithium thio- 

will now be described herein in greater detail. cyanate, sodium beta-alumina, ammonium iodide, hy- 

I. METHOD A drogen chloride, potassium thiocyanate, potassium 

chloride and magnesium chloride. The electrolyte may 

The Cathode be present m a pure state Cm the form of a solid or liquid) 

The cathode contains as the cathode-active material 50 or it may be conveniently dissolved in a suitable solvent 
the chalcogenides to be intercalated. The cathode itself such as water, alcohols, ketones, esters, ethers, organic 
need not necessarily consist solely of the cathode-active carbonates, organic lactones, amides, sulfoxides, im- 
material but may be a structure or material such as trohydrocarbons and mixtures of such solvents. Where 
carbon, copper, nickel, zinc, silver, etc., with which the a solvent is utilized, the electrolyte salt may be present 
chalcogenide is deposited or mixed. Preferably, the 55 in a range of concentrations determined by the electro- 
cathode consists entirely of the chalcogenide to be in- lytc conductivity and chemical reactivity and solubili- 
tercalated ties. 

The chalcogenide to be intercalated may be any of 

those dichalcogenides (or lower chalcogenides) which The Currcnt 

are capable of being intercalated. Either the pure chal- 60 After the system described above has been assembled 

cogenides or alloys (of both the cation and the anion) of intercalation proceeds by applying a current to the 

chalcogenides maybe^used. These chalcogenides are system at a voltage level such that the electrolyte will 

well known in the^pflor artfcnd may be represented by electrochemically decompose to thereby release the 

the general formula MZ X wherein M is at kttkone metal ions to intercalate into the chalcogenide. Preferably, in 

selected from thk . grouj^consisting of ti^nWnrco - 65 order to prevent the formation of an electro-deposited 

nium, h afnium, va-nVlum ; niobiujn, tonralu^Sd]5b- coating on the surface of the chalcogenide, the current 

JvBa^ftuinr2Ts*i lea^ne-clialcogen selected from the is applied such that the cathode is placed at a potential 

gtoup-ctmSstmg ofygulfm. seton um and telluriu m: and £7 of at least about 1 millivolt more positive than that 
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required for electrodeposition.of the intercalating spc— _ x>n=™o^ u 
cies on an inert material. IL METHOD.* 
In determining the preferable level of current, all that The Cathode . . 
is necessary is that, in place of the cathode containing . The cathode to be usedin Method- B will contain as 
the chalcogenide, the system utilizes a reference cath- 5 the cathode-active material any of those materials de- 
ode which contains as the cathode-active material an scribed as being suitable for the cathode-active material 
electronically conductive material (such as platinum) in Method A above, 
which will riot electrochemically react with the electro- 
lyte or the products of decomposition of the electrolyte 10 The Anode 
and thereafter determine the potential required for elec- *n Method B, the anode (rather than the electrolyte in 
trochemical decomposition of the electrolyte utilizing Method A) is employed as the source of the ions which 
the anode and the reference cathode. Once the determi- are to be intercalated into the chalcogenide. Accord- 
nation of this potential has been made, the reference m ^ y « ^ c should contain, as the anode-active 
cathode is removed from the system and replaced with 15 material any electronically conductive material which 
the cathode containing as the cathode-active material ^ electrochemically release ions which are to be 
the chalcogenide to be intercalated and the current ****** mt0 th f chalcogenide. Thus, suitable 
which is applied is such that the cathode is maintained M ° d f«* w m * Xe ™** mav * at £st one- member 
at a gJB. of at least one 1 millivolt more positive „ 

than that which was determined utilizing the reference » ^ IIIa mctals ^ Ltures oHhe aforesaid rneTals 

At? *: i ^ w, , , , • with other substances such that the aforesaid metals can 
Alternatively, the preferable level of current can be be electrochemically released from the mixture: Other 
readily determined by use of a third electrode, a refer- suitable anode-active materials include materials which 
ence electrode, which is used to monitor the cathode 25 are capable of releasing hydrogen and ammonium ions 
potential. By the use of a potentiostat, the current can (e.g., LaNi 5 H Jr or HgCNH,)^. Preferably, the anode- 
be automatically controlled to maintain a predeter- active material is a Group I metal such as lithium, so- 
mined cathode potential: When the reference electrode dium; potassium, copper or silver. Here : again, the 
comprises the pure material to be intercalated, then the anode may consist entirely of the anode-active material 
cathode potential is maintained at a value of at least 30 (which is preferred) or the anode-active material may 
about 1 millivolt more positive than, the reference elec- be deposited on a supporting structure which in turn 
trode. may be constructed of materials such as copper, plati- 
The potential to be applied to the system in Method A n ; um » clc » which are preferably electronically conduc- 
depends on the selected intercalating species as well as f* ve » Dut w k*ch not the source of the intercalating 
the selected chalcogenide to be intercalated. As a gen-. 35 ions: Furthermore, the anode-active material may also 
eral rule, the potential should be at a level at least suffi- consist of alloys, compounds or. solutions of the above 
cient to provide enough driving force for electrolyti- materials provided that the alloys, compounds or solu- 
cally decomposing the electrolyte so as to provide the U °™ mcct thc 'element that they are electronically 
source of the intercalating ions and to intercalate the con ? ucbv f™ d we capable of electrochemically releas- 
cathode.active material. At the opposite extreme, the 40 *j 10 ™ WlUCh are l ° b * mtercalated ^o the chalcogen- 
potential should preferably not be so high such that ions 

from the electrolyte are deposited on the surface of the The Electrolyte 

cathode-active material rather man mtercalated into the. The electrolyte comprises (or may contain) a com- 

cathode-aenve material (m the case of materials 45 p0U nd of the same species as that of the ions to^inte^ 

wherein the ions are, for example, hydrogen, ammo- calated into the chalcogenide (i.e. the electrolyte can 

mum, , etc., the term "deposited" would mean that a . contain a mixture of salts but it must contain a salt hav- 

bubbling away of the gases at the surface of the chalcb- ing a cationic moiety of the element employed as the 

genide rather than intercalation of the ions into the anode-active material). Thus, the electrolyte contains or 

chalcogenide would occur). That intercalation of the 50 comprises a salt that may be conveniently represented 

chalcogenides proceeds at a satisfactory rate rather than . by the formula LX wherein L is at least one cationic 

deposition: at the. surface of the chalcogenide may be moiety selected from the group consisting of Group la 

readily determined by use of a third, reference electrode metals, Group lb metals, Group Ha metals,. Group lib 

and. a coulometer to monitor the total current passed metals, Group Ilia metals and ammonium; and X is an 

and hence the number of charged species discharged, 55 amomc moiety or moieties selected from the group 

X-ray analysis of the chalcogenide, and visual inspec- consisting of halides, sulfates, nitrates, beta-aluminas/ 

tion. phosphofluorides, thiocyanates, and perchlorates. As in 

In a typical system which utilizes a chalcogenide such of Method A » ^e electrolyte may be present in. 

as tantalum disulfide in an amount of 10 mg. for the Ae fora ofa so ^, molten or liquid pure compound or 

cathode and cobalt wire in an amount of 100 mg. for the 60 * P**? 1 m ±c fo ™ ?{ a somtion in a suitable 

anode in an electrolyte consisting of NHJ in acetone, i V u ^T** ¥ Me ^° d *- 

substantially full intercalation oi F the chalcogenide by a ^ so ^ 

Sss^Jr may rut 0 ? *, Vs- of 

■ffiS?r?H T 11 V"* ! 65 ^lvents:which are indicated heVeinabove as being 

mtable voltage would varyTrom 1 volt to 2 volts, and possibly useful in practicing Method A may also be 
he resulting current would be 1-2 maVIO mg. of tanta- utilized for Method R.certain combinations of the se- 
lum disuiride. lected anode-active material and electrolyte solvent are 
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not possible (for example, pure lithium could not be X-ray analysis indicated that intercalation had taken 

used as the anode-active material in the presence of an place. : . 

electrolyte solvent consisting of or comprising water or • . • ' » » \ ' 

an alcohol). .EXAMPLE 2 



The Current 



Method A 



A gold wire anode and a gold wire cathode of diame- 

In Method B an external current need not necessarily tcr a05 ^ wcrc m m N/10 aqueous hy- 

i be apphed to the system since the system of itself is a drochloric acid solution; Hie current flowing through 

source of current. Rather, the current How which is fa e cdi was measured as a function of the applied volt, 

generated by the system should preferably be con- 10 age; from this a value of the decomposition potential of 

trolled such that the ions released from the anode are the electrolyte was determined. The gold wire cathode 

intercalated into the chalcogenide rather than deposited W as then replaced by a tantalum disulfide crystal 

on the surface of the chalcogenide. The control of the mounted as in Example 1. The drop in decomposition 

current developed by this system may be readily, ac- potential, which was shown by the use of a third, refer- 

complished by utilizing a resistor in the circuit (variable 13 encc electrode to be entirely due to a decrease in the 

resistors are also quite useful) or by providing an oppos- cathodic potential, is an indication that intercalation of 

ing potential (such as with the use of a potentiostat) to hydrogen is taking place. Below 1.5 volts, the decompo- 

insure intercalation. Here again, as in the case of sition potential of the electrolyte, no gaseous evolution 

Method A, the voltage across the system should be such 2Q was observed at the sulfide cathode. The system was 

that there is sufficient driving force to result in release then left under an applied potential of 1.26 volts and the 

of the ions from the anode-active material to intercalate current fell to zero (initially about 1 ma.); X-ray analysis 

into the chalcogenide, but preferably should hot be such indicated that intercalation had taken place, 

that the ions are significantly deposited on the surface of p 

the chalcogenide. The particular flow of current with 2 $ EXAMPLE 3 

the system in the case of Method B will depend on the Method B 

selected anode-active material which is to form the A s u ve r wire anode and a 2.3 mg. single crystal of 

intercalating ions as well as the chalcogenide to be tantalum disulfide, mounted as above examples, were 

intercalated. However, a satisfactory rate of intercala- ^ ppcd into ^ almost saturated solution of silver nitrate 

tion of the chalcogenide using Method B may be deter-. 30 in water. The open circuit voltage, i.e. no current flow, 

mined by the same method described hereinabove with Q f this cell was -0.14 volts, the TaS 3 being more positive 

reference to Method A. than the silver. On changing this to a -0.10 v by applica- 

In a typical system for practicing Method B which tion of an external potential a current of 0.37 ma. 

utilizes a chalcogenide such as TaSj in an amount of 20 flowed; this decayed with time indicative of a diffusion 

mg. for the cathode and copper wire in an amount of 50 35 controlled process, namely silver diffusion into the tan- 

mg. for the anode in an electrolyte consisting of copper talum sulfide lattice. The cell was then shorted to speed 

sulfate in water, substantially full intercalation of the U p intercalation; this caused some deposition of silver 

chalcogenide by the copper ions may take place.over a metal on the crystal which was subsequently removed 

period of about 3 hours in which the initial current flow electrolytically by applying a reverse potential. After 

is about 1 ma. Thus, a suitable current flow would, vary 40 on e hour, the crystal was removed, weighed and X- 
from 1 ma. to 0.1 ma. per 20 mg/crystal where the - rayed JThe change in weight indicated a composition of 
cathode is at +50 m v. potential relative to a copper T^Ago^TaS^T 
wire reference electrode.. - \. 

The term "Group" as applied to one or more elements EXAMPLE 4 y !; 

or compounds refers to a particular Group of the Peri- 45 Me.thod B 

odic table of the Elements of the type set forth on the A t • „ . . nn . 4 , - 

inside cover the The Merck Index (7ui ed.). The follow- A ? 0PP ? anode ^ d ■ ?° m *' sm *! e crystal of 

. Jl^T h I"!T •!. ^ I 7u • 1 , ? , tantalum disulfide were dipped into a saturated solut on 

SL«S ° f of copper sulfate in water. Acopper reference electrode 

chalcogenides by Method A and Method B. ^ was also dipped into this solution. The initial open cir- 

EXAMPLE 1 cui* voltage of the cell was —0.2 volts, the TaS 2 being 

M thnd a positive relative to the copper anode. An external po- 

tential was applied to hold the TaS 2 cathode at 50 mv 

A single crystal of tantalum disulfide was . indium positive relative to the reference electrode. A current 

soldered to a copper wire. The crystal weighed about 55 then flowed through the system, initially 1 ma decaying 

10 mg. This was the cathode. A cobalt wire qf diameter to 0.1 ma after 3 hours. A coulometer measurement of 

0.020 inches served as the anode. A saturated solution of the current flow indicated a composition CuoaTaSi 

ammonium iodide in acetone served as the electrolyte. What is claimed is: 

This was contained in a beaker and the anode and cath- 1. A process for the preparation of intercalated chal- 

ode were dipped into the solution. A slowly increasing 60 cogenides which comprises applying a current to a 

voltage was then applied to the cell, and a current began system comprising: 

to flow above 0.8 volts. The potential was then held a - * cathode containing as the cathode-active material 

steady at 2 volts for about 5 hours, during which time the chalcogenide to be intercalated, said chalcogen- 

the cathode crystal turned from a dark blue to a black ide haying a layered structure and having the fom- 

color, which is indicative of intercalation, and the elec- 65 ^ wherein M is at least one metal selected 

trolyte solution turned from colorless to a very deep red k° m t group consisting of titanium, zirconium, 

color due to the formation of iodine at the anode. A hafnium, vanadium, niobium, tantalum and molyb- 

curreht in the range 1 to 2 ma. flowed during the period; denum; 2 is at least one chalcogen selected from the 
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group consisting of sulfur, selenium and tellurium; 1 denum; Z is at least one chalcogen selected from the 

and x has a numerical value between about : 1 and *■ group consisting of sulfur, selenium and tellurium; 

about 2.05; and x has a numerical value between about 1 and 

b. an anode containing as the anode-active material an about 2,05. 

electronically conductive material selected from 5 b. an anode containing as the anode-active material an 

the group consisting of Group IVb metals, Group electronically: conductive material which will pro- 

Vb metals, Group Ylb metals, Group Vllb metals, vide ions which are to be intercalated into said 

Group VIII metals and electromcally conductive ... chalcogenide, said anode-active material being at 

compounds of the aforesaid metals; and least one r . member, selected from the group consist- . 

c. an electrolyte , comprising an ionically conductive 10 mg of Group la metals, Group lb metals, Group Ila 
material which will provide the cathode with ions metals, Group lib metals, Group Ilia metals and 
of the species which are to intercalate the chalco- mixtures of. the aforesaid, metals, with other sub- 
genide, said electrolyte having the formula LX stances which are capable of releasing the aforesaid 
wherein L is the intercalating species and is at least metals electrochemically from the mixture, hydro- 
one catioiuc moiety selected from the group con- 15 gen^ontaining materials which are capable of elec- 
sistingof Group la metalSi.Group lb metals, Group trochemically releasing hydrogen therefrom and 
Ila metals, Group Hb metals, Group. IHa metals, ammonium-containing materials which are capable 
ammonium and substituted ^ ammonium; X is at least of electrochemicaUy releasing ammonium ions 
one anionic moiety selected from the group consist- therefrom- and • 

: ingof halides, sulfates, nitrates, beta-aluinina, phos- 20 c . ^ electrolyte 'comprising at least one salt having 

phofluondes, tmocyanates and r^rcWorates, . the formula LX wherein L is at least one cationic 

said current being applied at a voltage sufficiently high from ^ ^ consisting of Group 

to cause the intercalation of.the cathode active material Ia me tals, • Group lb metals, Group Ila metals, 

and sufficiently low to avoid deposibononto the chal-;. Gr0U p: Irb mcta]s>: Gf ma metals ^ amm0 . 

cogenide of the species. being intercalated into the chal- .25 nium;= and X is an anionic moiety or moieties, . 

c °? e ^ e * , , . «. . Al _ . . . ' . lected from tne group consisting of halides, sulfates, 

v l T ^ SS ? ^ \ m ^ t ^ al00 8 cmde 13 nitrates, beta-aluminas, phosphoQuorides, thiocya- 

one which has a layered structure and M is at least one nates and perchlorates, provided that at least one 

metal selected from the : ^ salt is* salt of the anodc-active material; 

znxomum, hafmum, niobium, tantalum and alloys 30 the volta within ^ s tem ^ co^ed to be 

theraf;Zisselec^ -sufficiently high such that the electrolyte is provided 

and selenium; and x has a numencal value between 1.95 ^ ions of ^ e species which ^ to : fate i*|.te ^ 

% T^p nrrvpcc nf i » a chalcogenide and such that the chalcogenide is interca- 

van^f 2 35 lated ^ io te ^ciently low to avoid deposition onto 
4.lWocWofcla^ the chalc^^^ 

T 5 S The process of claim 2 in which the chalcogenide is . lh ""^P^f" of clami 10 m.which the chalcogenide 
jig. . . » one which has a layered structure and M is at least 

6*The process of claim 1 m which the electrolyte is 40 °? C [ rom *■? «f° u P insisting of tita- 

present as' a solution in a solvent- selected fromthe SJT^ 

group consisting of water, alcohols, ketones, esters, * P TTV £ ?i * 

cthc£ organic carbonates, organic lactones, amides. "lum; ^d^ has a numencal value between . 1.95 and 
sulfoxides, nitrohydrocarbons i and mixtures of such -«t n r i « u • c 

solvents. 45 process of claim 11 wherein* has a numencal 

7. The process of claim 1 in which the electrolyte va J^ e ^[ 2 ' 00 ' ' . . „ . ., Lil 

comprises a solution of hydrogen chloride. . ™° P rocess of claun u m wmch the chalcogenide 

«. The process of claim 1 in which the electrolyte * e , . „ . ^ . . . , 

comprises a solution of an ammonium salt. . M ; Tbe process of claim 11 in which the chalcogenide 

9. The process of claim 1 in which the current is 50 IS Jl ! - , . " : • . 
applied such that the cathode is placed at a potential of . M * ™ c P^s of claim 10 m which the anode-active . 
at least 1 millivolt more positive than that required for nurtenalis sdected from & 0 "P consisting of lithium, 
electrochemical decomposition of the electrolyte utiliz- P otasslum » f^P*^ ^ 

ing a system in which both the cathode and the anode 16 ' The P roccss of claim 10 m which the anode-active 

contain as the cathode-active material and anode-active 55 mater^js lithium; 

material, respectively, an clectronicaily conductive 17. The process of clami 10 m which the electrolyte is 

material which will not chemically react with the dec- Present as a solution in a solvent selected from the 

trolyte. group consisting of water; alcohols, ketones, esters, 

10. A process for the preparation of intercalated chal- ethers, organic carbonates, organic lactones, amides, 
cogenides which comprises controlling the voltage in a 60 8lUfoxidcs ' nitrohydrocarbons and mixtures of such 
system comprising; solvents/ 

a. a cathode containing as the cathode-active material 18. The process of claim 10 in which the current flow 

the chalcogenide to be intercalated, said chalcogen-. * controlled such that the cathode is at a potential of at 

ide having a layered structure and having the for; ,east 800111 1 millivolt more positive; than that required 

inula MZx Wherein M is at least one metal selected 65 for deposition of the species being intercalated on an 

. from the group consisting of titanium, xirconium, inert cathode. 

. hafnium, vanadium, niobium, tantalum and molyb- 
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